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During the last decade, the field of electromagnetic metamaterials (EM
3
) has been the 
subject of intense research by scientists worldwide. Besides having contributed to 
unprecedented technological advancements like ultra-compact metamaterial antennas in 
cellular applications and fractal metamaterial antennas in defense applications as claimed 
by a couple of companies, metamaterials are expected to bring about more promising 
progresses like the sub-wavelength resolution imaging by the superlens/ hyperlens, 
invisibility cloaking and so on. The concept of metamaterials dates from the late 1960s 
with the theoretical work of Veselago. His work predicted that the interactions of 
electromagnetic waves with hypothetical materials having both negative permittivity ε and 
negative permeability µ would lead to exotic properties like a negative refractive index in 
Snell’s law, a reverse Doppler, Čerenkov effect and many more.  
This thesis proposes novel free-standing gold upright S-structures for the terahertz 
regime. While the primary focus of this thesis lies within fabrication portions, the 
geometrical design and characterization of the upright S-structures are also presented. 
These upright structures have been fabricated through advanced microfabrication 
technologies and have distinct resonant frequencies due to their spatial structure. 
Furthermore, these S-strings are self-supporting and matrix-free, implying that their 
resonant frequencies are solely dependent upon the geometrical and physical properties of 
the metal. Also, their flexible feature allows them to be bent and shaped in various forms 
for more practical purposes. 
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1.1 Electromagnetic Metamaterials (EM
3
) 
While there exists no global designation for electromagnetic metamaterials (EM
3
), 
researchers concur that metamaterials are essentially man-made metallic unit structures 
that exhibit exotic electromagnetic properties like a negative permeability µ and a negative 
permittivity ε. In the scientific jargon, they are often categorized as ―left-handed‖, 
―negative-refractive-index‖ and ―double negative‖ materials. The response of such 
materials to an incident electromagnetic field is such that both µ and ε become 
simultaneously negative, thereby leading to unusual properties like a negative refractive 
index. The past decade of deep theoretical and technological research in the field has made 
the micro/nanofabrication of such structures more practicable and therefore, resonant 
frequencies have been pushed from the microwave range towards the visible.  
 The dielectric constant ε and magnetic permeability µ characterize a material‘s 
response to an incident electromagnetic field. Maxwell‘s equations are fundamental for 
describing the interactions of metals with an electromagnetic field and can even be applied 
to structural sizes of a few nanometers. In 1968, Veselago discovered that wave 
propagation in such media would be in opposite direction as in a conventional media 
(right-handed media). He thus coined the term ―left-handed‖ for such media due to the 




vector   and wave vector  [1].  The Poynting vector  (  =  x ) maintains its 
direction of propagation and is anti-parallel to the wave vector .  Wave propagation in a 
right- and left-handed medium is discussed in more details in Chapter 2. 
 While the focus of this thesis is based primarily upon the fabrication of free-
standing gold upright S-strings, it also gives an insight on the basic design aspects and 
characterization of these upright S-strings. The novel approach in the suggested design 




1.2 Uses of metamaterials 
Due to the unique properties exhibited by EM
3
, there has been an increased interest in 
developing metamaterial-based RF antennas for telecommunication and military 
applications. With the distinct ability to tune permittivity and permeability of 
metamaterials, high frequency low loss antennas that have better directivity have been 
fabricated and these can be shaped in different forms [2, 3]. Moreover, in military 
applications, acoustic metamaterials can be used to shield submarines from sonar 
detection. Furthermore, left-handed materials can be used in the detection of explosives 
and poison [4, 5]. Atoms within these substances are strong absorbers of terahertz 
radiation and metamaterials provide the ability of confining incident terahertz rays close to 
the surface for more precise sample detection. Other striking uses would be in invisibility 




able to image far-field radiative components as well as near-field evanescent components 
thereby overcoming the diffraction limit of a conventional lens. 
 
 
1.3 The first artificial dielectrics 
In 1968, the famous review paper from Veselago made a huge leap in the field of 
metamaterials [1]. Veselago had performed a systematic theoretical study of such 
materials and had coined the word ―left-handed‖ for such class of materials due to the left 
handed triad formed by the electric field vector , magnetic field vector  and wave 
vector . He thus predicted that such hypothetical materials with simultaneous negative 
permittivity and negative permeability would possess a negative index of refraction. 
However, he also reported that he could not find any such materials in nature. 
 In his historical research paper, Tretyakov [10] retraced one of the earliest 
mentions of negative refraction back to 1940, from the lecture notes of Prof L.I. 
Mandelshtam, from Moscow University. The latter had envisaged the possibility of 
negative refraction in cases when the phase velocity and Poynting vector, , also known as 
the rate of energy flow per unit area were not in the same direction. 
 Likewise, in 1951, G.D. Malyuzhinets, from the Institute of Radiotechnics and 
Electronics (Moscow) considered an example of a one-dimensional artificial transmission 
line for backward wave media, combining series capacitance and equivalent inductance 
[10]. The waves point from infinity to the source. 
 There have also been reports about materials with negative ε from other scientists 




artificial dielectrics were also made by Winston E. Kock, from Bell Laboratories with the 
purpose of designing better light-weight antennas for that time [11]. Likewise, in 1962, 
Rotman considered Kock‘s artificial dielectrics to model media with negative permittivity. 
He had observed that a dielectric ―rodded‖ medium showed a plasma-like behavior [11]. 
 
 
1.4 S-shaped resonators 
Not long after Pendry and co-workers demonstrated that a periodic arrangement of rods 
and split-ring resonators (SRR) exhibited negative permittivity [12] and negative 
permeability [13], the first artificial metamaterial was fabricated by D. R. Smith [14] and 
later by R. A. Shelby [15] combining these two independent geometries to yield negative 
refraction in the microwave range. 
 While the first fabricated metamaterials were produced in the gigahertz range, 
significant efforts were being channeled to push resonant frequencies to higher limits. In 
2003, Moser et al. presented the first artificial materials in the terahertz range, somewhat 3 
orders of magnitude higher than the hitherto gigahertz range [16]. Based on a rod-split-
ring geometry from Pendry‘s schemes, the metamaterials were fabricated using 
microfabrication technologies and thus, geometrical constituents could be downsized to 
about 5 µm. Subsequently, most experimental works on metamaterials that followed were 
based on an array of rods and split-ring geometry to provide negative permittivity and 
negative permeability respectively. Yet, the SRR alone possess a frequency band of 




 In 2004, Chen et al. proposed an array of left-handed materials composed of only 
S-shaped split-ring resonators [17].  By properly tuning the capacitance and inductance of 
the S-shaped SRR using an equivalent circuit model, they managed to lower down the 
electric resonant frequency of the structure or increase the magnetic resonant frequency 
such that the two overlapped over a common frequency band, also known as the left-
handed band. The first S-shaped resonator consisted of one metallic unit, printed on each 
side of a substrate and in opposite orientation to each other such that they formed a figure 
eight configuration when viewed from the top. At that time, the left-handed band of the S-
shaped resonators was located in the gigahertz range. 
 In 2008, Moser et al. proposed an array of novel free-standing metamaterials for 
the terahertz regime [18]. The resonators consisted of gold S-strings which were precisely 
aligned on top of each other to form bi-layer chips that were supported by SU-8 window 
frames. The uniqueness of their approach was that these resonators were suspended freely 
in air during characterization by Fourier Transform Infrared Spectroscopy (FT-IR), thus 
yielding resonance frequencies that were unaffected by the dielectric properties of 
conventional supporting matrices and substrates.  The left-handed pass bands were 
observed from 1.2 to 1.8 THz and around 2.2 THz [18]. 
 
 
1.5 Outline of thesis work 
Even though the bi-layer chips in Ref. [18] were free-standing, the SU-8 window frames 
prevented spectral characterization at higher incidence angles. Furthermore, polymer 




characterization of the metamaterials at certain frequencies [17, 18]. As an extension to 
this study of S-shaped resonators, the work in this thesis proposes a novel interconnecting 
scheme for producing upright free-standing S-shaped gold resonators. By selectively 
placing transverse interconnecting rods across the S-strings, the required capacitance and 
mechanical strength are obtained and thus, the upright S-strings are left-handed while 
being self-supported. Moreover their micron-sized geometry leads to resonance 
frequencies in the far infrared (FIR) range, that is, in terahertz frequencies. A practical 
metamaterial for day-to-day applications would be one which can easily be batch 
fabricated and is available in large amounts. The proposed thesis addresses this notion by 
employing advanced microfabrication techniques to fabricate such structures and shows 
that fully free-standing metamaterials can be produced with our method. Moreover, the 
fabrication method can be extended to other forms of mass fabrication like plastic 
molding. 
 Below is a brief description of each chapter found in this thesis: 
 
Chapter 2 gives an overview of the basic definitions of permittivity, permeability, 
refractive index. The wave propagation in left-handed and right-handed media is 
discussed. These concepts are then extended towards the design and simulation of the S-
structures. 
 
Chapter 3 deals with the process design and fabrication of the S-structures while 
underlying the main issues in the fabrication process. The techniques and discussions of 





Chapter 4 gives a brief introduction to Singapore Synchrotron Light Source (SSLS) where 
most of the work in this thesis was performed. It also gives an insight of the working 
principle of Fourier Transform Infrared Spectroscopy (FTIR). Furthermore, it combines 
the characterization results from Fourier Transform Infrared Spectroscopy (FTIR) with the 
discussions therein. 
 
Chapter 5 summarizes and concludes the existing work. Some suggestions are included to 





















Design of Upright 
S-shaped Resonators 
 
2.1 Negative-index media 
Metamaterials can generally be classified as a class of materials that exhibit exceptional 
properties not readily observed in nature. These properties arise because of qualitatively 
new macroscopic responses like a negative permittivity and negative permeability. 
Usually, materials can be classified into four different categories owing to the sign of their 
permittivity (ε) and permeability (µ), as shown in Figure 2.1 below [19, 20]. These are: 
 
1. Materials having both positive ε and positive µ. These generally include most 
common materials that show a characteristic right handed behavior, quadrant [1]. 
2. Materials having negative ε but positive µ. These comprise of electrical plasma 
medium and metals below their plasma frequencies, quadrant [2].  
3. Materials having simultaneously negative ε and µ. These are negative-index 
materials like metamaterials, quadrant [3]. 
4. Materials possessing positive ε but negative µ. For instance, split-ring resonators 
alone, quadrant [4]. 
It is also worth noting that in quadrants [2] and [4], electromagnetic propagation is 




Only one of the material parameters is negative in those quadrants and thus, the 








Figure 2.1: Classification of materials based on the sign of their permittivity and 
permeability [19] 
 
In Maxwell electrodynamics, the square of the optical refractive index,  of a medium is 
related to the relative permittivity, ε and relative permeability, µ in the following way [19, 
21]: 
                                                                  (2.1) 
 
Therefore possible solutions to the refractive index can be: 
 




    ε > 0  
     and  
    µ > 0 
   ε < 0  
     and  
    µ > 0 
    ε > 0  
     and  
    µ < 0 
    ε < 0  
     and  






The choice of a negative sign for both ε and µ does not cause any mathematical 
contradiction but rather changes the electrodynamics of these substances as compared to 
materials with positive ε and positive µ [22]. 
 Maxwell‘s curl equations for a time-harmonic electromagnetic wave in a lossless 
medium are: 
                                                     (2.2)  
                                                     (2.3) 
 
For a plane harmonic wave exp [i (k · r − ωt)], these equations reduce to [19]: 
 
  and                           (2.4) 
 
where  refers to the electric field intensity vector, is the wave vector,  denotes the 
magnetic field intensity vector and  and  stand for the magnetic permeability and 
electric permittivity in a free space respectively. 
Additionally, the wave vector  may be written as  where  is the speed of light 
in vacuum and  is a unit vector along  x   direction, thereby forming a right-handed 
system. 
Therefore, upon substitution in Eq. (2.2), they can be rewritten as: 
 





As a result, if µ is positive, then  is positive and if ε is positive,  is positive and vice 
versa. 
Hence, only two possibilities exist as shown below: 
 and  
 
These were the two possible situations envisaged by Veselago to describe electromagnetic 
wave propagation inside a right-handed and a left-handed media respectively. Based on 
these equations, it can be inferred that a medium having simultaneously negative ε and 
negative µ exhibits a negative index of refraction. Furthermore, such medium will lead to 
a left-handed triad of vectors as shown in Figure 2.2 below [11]. 
   refers to the Poynting vector that is given by (  =  x ) and describes the rate 




    
 
   (a)      (b) 
 
Figure 2.2: The orientations of the electric field intensity vector , magnetic field intensity 
vector   and wave vector  during wave propagation for (a) right-handed media (b) left-






















The direction of the phase velocity, vp coincides with the direction of wave propagation, 
that is, the wave vector  whereas the direction of the wave‘s group velocity, vg is parallel 
to the Poynting vector, . Hence, when the phase and group velocities of an isotropic 
medium are anti-parallel, the medium exhibits negative values of ε and µ [20]. 
 In order to achieve negative refraction, there is a need to combine both a medium 
of negative permittivity and negative permeability over a common resonance frequency 
band, also known as the left-handed pass band. In the following section, we briefly explain 
the concepts of negative permittivity and negative permeability and relate them to the 
design of S-shaped metamaterials. 
 
 
2.2 Artificial dielectrics 
The overall interactions of naturally occurring materials to an impinging electromagnetic 
field are due to the local electromagnetic interactions of atoms and molecules to the 
applied field. This response is characterized by an electric permittivity, ε and a magnetic 
permeability, µ. Naturally occurring materials have positive ε and positive µ, except for 
metals and plasmas that show negative ε at frequencies below their plasma frequency. 
Furthermore the spatial arrangements in the lattice structure and the ratio of the 
size/spacing of the atoms to the wavelength of the incoming radiation describe the 
electromagnetic interaction of natural dielectrics [11]. Hence, in order to artificially 
produce metamaterials, it would be essential to form structures such that they act much 
like ‗atoms‘ to an incident radiation. Additionally, at relatively short wavelength 




advanced microfabrication and nanofabrication techniques to fabricate the structures at the 
micro and nano scale respectively. In the following section, we show how each parameter 
is adjusted to yield negative permittivity and negative permeability. 
 
 
2.3 Negative permittivity 
Electromagnetic field penetration in metals depends on both the frequency of the applied 
field and details about the electronic band structure. In some noble metals like gold or 
silver, electromagnetic interaction at ultraviolet frequencies occurs mostly through 
transitions within conduction bands thereby leading to strong absorption in this regime. At 
lower frequencies, metals in general are highly reflective and do not allow electromagnetic 
wave propagation [24]. This dispersive property can be characterized by a complex 
dielectric function .   
 Metals are essentially plasmas since they consist of an ionized ―gas‖ of free 
electrons surrounding positive ion cores. Therefore, metals can be explained using a 
plasma model over a wide frequency range [24]. The permittivity function can be 
described by: 
 
     (Drude model)   (2.3) 
 
where  is the plasma frequency and γ is a damping factor given by  where τ is 




 Below the plasma frequency, the real component of Eqn. (2.3) is negative and thus 
metals possess negative permittivity. However, the plasma frequency of most metals lies 
within the ultraviolet region of the electromagnetic spectrum. The wavelength within this 
region is relatively short and hence the task of synthesizing artificial dielectrics in the 
microwave regime is very difficult. To achieve negative permittivity at lower frequencies, 
it is thus essential to depress the plasma frequency of the metals. The first realization of 
artificial dielectric possessing negative permittivity was made by Pendry and co-workers 
[12], who proposed an array of thin conducting wires arranged periodically across a 
supporting medium. The aim of such a design was to decrease the effective electron 
concentration in the medium by voluntarily confining the electrons within thin conducting 
wires. The self-inductance of the wire array together with this electron confinement 
mechanism greatly reduced the average electron density along the wires and thus, the 
plasma frequency of the medium was decreased to the gigahertz range.  Since then, 




2.4 Negative permeability 
When Veselago first initiated the idea of negative refraction, the main hurdle was that 
naturally occurring materials possessing both negative permittivity and negative 
permeability had not been found. Even though Pendry [12] showed that negative 
permittivity was feasible, it was still hard to fabricate materials with negative 




most elements starts to fade at gigahertz frequencies and is almost absent at higher 
frequencies. Therefore, to have negative permeability at higher frequencies, it is crucial to 
increase the magnetic plasma frequency to a much higher value. This issue was overcome 
in 1999 when Pendry et al. [13] demonstrated an array of metallic split-ring resonators 
(SRR) that exhibited strong electric fields under the application of a time-varying 
magnetic field oriented normal to the plane of the rings. The large capacitance between the 
rings together with the self-inductance of the structure created a resonance during which 
the induced currents flowing in both rings coupled strongly to the applied magnetic field 
yielding a resonant response characterized by an effective relative permeability of the 
form [11, 25, 13].  
                                                      (2.4) 
 
where r represents the radius of the SRR, a is the lattice spacing of the SRRs, ω is the 
frequency, C =  represents the sheet capacitance per unit area between the two 
rings with  representing the speed of light and F =  is the fractional volume of the 
cell occupied by the interior of the cylinder. 
 A schematic of a split-ring resonator is shown in Figure 2.3 below. A time-varying 
magnetic field, applied parallel to the axis of the rings induces an emf within the plane of 
the structure thus driving currents within these rings.  The gap, g prevents current from 
flowing completely around the ring. The second inner split-ring generates a large 










Eqn. (2.4) thus comes to: 
                                                  (2.5) 
 
The inductances and capacitances in the system lead to a resonance in the form: 
 
                                                  (2.6) 
where  is the magnetic plasma frequency,  is the resonance frequency and γ is a 
damping factor. 
Thus, a medium consisting of SRR arrays would possess a high effective 
permeability. The resonance frequency of the medium is given by: 
                                                 (2.7) 
 
Furthermore, Eqn. (2.5) reveals that  can be driven negative if the second expression 




                          (2.8) 
 
Such medium of SRR arrays exhibits a stop-band in the frequency range between  and 
 suggesting that the effective magnetic permeability is negative within this region 
[11].  The permeability of SRR arrays essentially follows a Lorentz model as in Eqn. (2.9) 
below [25]: 
                                      (2.9) 
 
 Pendry‘s illustration of negative permeability had thus given a new turn to the field 
of metamaterials. It was shown that negative permeability could be achieved with 
appropriate design geometry.  In 2000, Smith et al. [26, 27] fabricated the first left-handed 
materials for the microwave range. The metamaterials consisted of a matrix of rods and 
split-ring resonators, adapted from Pendry to yield both negative permittivity and negative 
permeability over the gigahertz range. 
 
 
2.5 S-shaped metamaterials 
In 2004, Chen and co-workers [17, 28] reported an S-shaped split-ring resonator that 
exhibited both a negative permittivity and negative permeability over a left-handed pass-
band of 2.6 GHz. They claimed that their S-shaped inclusion was a stand-alone structure 




permittivity and negative permeability independently like rods and so forth. They 
discovered that since Pendry‘s split-ring possessed both two distinct bands of negative 
permittivity and negative permeability, properly tuning the geometries of the S-shaped 
structures could yield the correct inductances and capacitances to make these bands 
overlap over a wide frequency range.  The initial S-shaped resonators were fabricated for 
the gigahertz range.  
 In 2008, Moser et al. [18] extended this investigation of S-shaped metamaterials to 
form the first free-standing S-shaped metamaterials for terahertz frequencies. The S-
shaped resonators consisted of precisely aligned bi-layers of S-strings extending along the 
longitudinal direction and held together by rigid window frames. In that way, the 
metamaterial structures were suspended freely without any dielectric or supporting 
medium. The novelty of that approach was that the electric and magnetic resonant 
frequencies of the structures were entirely dependent upon the geometrical parameters and 
properties of the metal and thus remained unaffected by the dielectric of the substrate [18]. 
The microfabricated metamaterials exhibited two distinct left-handed pass-bands, namely 
at 1.2 to 1.8 THz and around 2.2 THz. However, the window frame limited the 
characterization of the metamaterial at larger incidence angles. 
 Based on these planar adaptations of S-string resonators, the work in this thesis 
focuses on an upright S-string architecture for the terahertz regime. Additionally, a new 
interconnecting scheme is proposed that allows the resonators to suspend freely in space 
without any external mechanical support and thus enhancing their potential to be used as a 
practical material. Also, removing the window frame allows spectral characterization 
under a wider range of incidence angles and therefore, coupling to the incident magnetic 




2.6 Free-standing S-shaped resonator 
In previous works, Chen et al. have thoroughly investigated S-shaped resonators and 
demonstrated that the permittivity and the permeability are simultaneously negative over a 
wide frequency range [17, 28, 29]. This project further extends this study by fabricating 
upright free-standing S-shaped resonators for terahertz applications.  It is desirable to have 
free-standing strings of resonators such that the resonance frequency is solely dependent 
upon the geometric parameters of the resonators and the physical properties of the metal 
rather than being affected by the dielectric of either the embedding matrix or the substrate. 
In addition, it has been shown that polymer matrices, used to embed metamaterials exhibit 
strong absorption bands in the terahertz regime, thus preventing working frequencies from 
being freely selectable during spectroscopy [18, 30].  Furthermore, substrates and matrices 
reduce the effectiveness of metamaterials due to their different physical and electrical 
properties from the metamaterials. Moreover, they may also suffer from mechanical 
degradation by environmental factors like heat, humidity and so forth [18, 30]. 
 Therefore, one promising route to produce free-standing strings is to form metal 
interconnecting rods that mechanically bind the strings together, providing both strength 
and flexibility during application. Interconnections are made between oscillation nodes of 
the current to minimize any influence on the resonance frequencies. Simulation work done 
in collaboration with the Research Laboratory of Electronics, Massachusetts Institute of 







2.7 Design of the upright S-shaped resonator 
In order to simulate the electric and magnetic response of metamaterials, a common way is 
to model the structures using an equivalent circuit model such that they imitate an 
inductor-capacitor (LC) oscillator. The excitation of this LC oscillator with a time-varying 
magnetic field occurs through the coupling of the electric field with the capacitances of 
the circuit. The incident electromagnetic radiation can couple with this LC resonance if 
either the electric field vector,  of the impinging radiation has a component normal to the 
plates of the capacitor or if the magnetic field vector  has a component normal to the 
plane of the loop. In the latter case, the induced currents formed from the time-varying 
magnetic field create a magnetic dipole moment that counteracts the driving magnetic 
field and hence, can lead to a negative permeability [25, 31]. 
The upright S-structures presented in this work rely on this design concept to form 
metamaterials with simultaneously negative permittivity and permeability. The 
capacitance in a unit cell is formed between an upright leg standing along the x-z plane 
and the adjacent upright leg in that same plane (as shown by the red arrow in Figure 2.3 
below). The inductances are formed by the loop areas, where the induced currents flow. 
One loop consists of one half S in one row and the oppositely oriented half S in the 
adjacent row. At the locations where the interconnecting lines cross the upright legs, a 
short circuit is caused and these capacitances are excluded. Furthermore, in the design of 
the resonators, different nomenclatures have been adopted depending upon the locations 
of interconnecting rods. Depending on the site of attachment, the strings are denoted as 1S 
for every period or 2S for every 2 periods of the resonator loops. Additionally, depending 




equidistant in cases where the adjacent strings are equally separated from each other and P 
for paired in situations where the adjacent strings are not equally distributed among each 
other. More details on the design geometries and fabrication techniques are elaborated in 
Chapter 3 of this thesis. Figure 2.4 below illustrates (a) a 3-D representation of the S-
shaped resonator (1SE) with the incident magnetic field vector,  normal to the plane of 
the loops, the electric field vector,  pointing along the string direction and the wave 
vector,  pointing downwards towards the upright legs (b) a schematic diagram showing 
one S-resonator loop of a 1SE unit cell and the direction of the current flow when a time-
varying magnetic field is applied. One loop is formed by a solid line representing an S in 
one row and a dashed line representing an oppositely oriented S-structure in an adjacent 
row. I1 and I2 represent the induced currents flowing in each half loop. Cm denotes the 
capacitance between two adjacent strings. It also allows current to flow in each loop. (Cm 




Figure 2.4: (a) A 3-D representation of the S-shaped (1SE) resonator with the incident 
magnetic field vector,  normal to the plane of the loops, the electric field vector,  
pointing along the string direction and the wave vector,  pointing downwards towards the 




the current flow when a time-varying magnetic field is applied normal to the axis of the 
loop. One loop is formed by a solid line representing an S in one row and a dashed line 
representing an oppositely oriented S-structure in an adjacent row. I1 and I2 represent the 
induced currents flowing in each half loop. Cm denotes the capacitance of the equivalent 
circuit (also shown by the red arrow in Fig. 2.3 (a)). 
 
 
It was demonstrated that laterally interconnecting the strings at their oscillation nodes had 
no significant influence on the resonance frequencies. The interconnecting metal elements 
cause a short circuit in the structure at the interconnecting points. These increase the 
capacitances of the LC oscillator system and thus decrease the resonant frequencies. 
Hence, a compromise was reached between capacitance and mechanical rigidity such that 
a relatively high resonance frequency could be obtained while the strings were structurally 
firm. To keep the resonance frequency within 10% of the nominal value, it was suggested 
that an alignment accuracy of about less than 20% of the separation between the S-strings 
was essential in the fabrication step as this influences the capacitance between the strings 
and ultimately the resonance frequency. 
 The commercially available code, MicroWave Studio (MWS), was used for full-
wave finite-difference time-domain (FDTD) analysis of the structures [32].  During 
simulation, the incidence angle of the beam,  was varied from 0° to 90° in steps of 9°. 
The electric field was kept along the strings while the magnetic field was directed normal 
towards the plane of the loop. In another instance, the magnetic field was directed along 
the strings while the electric field was aimed normal towards the plane of the loop. The 
numerical simulations showed that two prominent peaks were expected around 3.2 THz 
and 6.8 THz. Parameter retrieval steps showed that the peak at 3.2 THz was left-handed, 
suggesting an overlap of both negative permittivity and negative permeability within that 




Chapter 4.  Figure 2.5 below illustrates a simulated transmission spectrum of a 1SE 
sample versus frequency with the incidence angle, α around the z axis varied from 0° to 




Figure 2.5: A simulated transmission spectrum of a 1SE sample versus frequency with the 
incidence angle, α around the z axis varied from 0° to 90° in steps of 9°. Two prominent 
peaks are observed around 3.2 THz and 6.8 THz. The spectra have been shifted vertically 


















In order to synthesize artificial dielectrics, the lattice spacing or spatial order within the 
fabricated media must be much smaller than the incident wavelength. Then the structures 
act as a homogenous medium and behave much like atoms or molecules with respect to an 
applied field. In the infrared range, it is thus essential to downsize the geometric size of 
the constituents to micrometers (µm) or nanometers (nm) for electromagnetic propagation. 
Such dimensions can only be achieved through micro and nanofabrication technologies. 
 In this chapter, the advanced microfabrication technologies involved to 
manufacture the first free-standing upright S-strings are thoroughly discussed. All process 
steps, starting from mask design to structure fabrication together with the fabrication 
issues are carefully elaborated. All experiments except for the electroplating process have 
been carried out in a class 1000 cleanroom, at the LiMiNT (Lithography for Micro-/Nano 
Technology) beamline at Singapore Synchrotron Light Source (SSLS) and at the Institute 






3.2 Layout of the EM3 S-structures 
The EM
3
 S-structures consist of upright gold S-shaped strings held together by gold 
transverse interconnecting rods located at regular intervals along their lengths. Two types 
of structures have been proposed based on their mechanical strength; one in which the S-
strings are solely supported by interconnecting transverse rods and one in which the S-
strings are simultaneously held together by transverse interconnecting rods and a gold 
window frame thereby providing a more rigid framework. Schematics of the two types of 





Figure 3.1: (a) Gold S-strings supported by both gold interconnecting rods and a gold 
window frame. The window frame includes holes to facilitate the final lift-off process. For 




are shown in red and layer 3 is yellow. The small grey squares around the window frame 
represent etch holes. (b) Gold S-strings solely supported by interconnecting rods. 
 
From numerical simulations performed by our collaborators (Research Laboratory of 
Electronics, Massachusetts Institute of Technology), it was found that a resonant 
frequency of 3-4 THz could be achieved with such structures. An enlarged schematic of 
the S-string together with the nomenclatures in the design are shown in Figure 3.2 and 
Figure 3.3 below. In the following illustrations, an incident electromagnetic field 
propagates in the X direction with the wave vector  also along the X direction and the 















       
             
   
               (a)                (b)  
Figure 3.3: (a) S-string as viewed from Y direction (with nomenclatures). (b) Side view of 
S-strings as viewed from Z direction (with nomenclatures).  
 
Taking into account manufacturing practicalities and the simulation results, the design 
specifications of the S-strings have been listed in Table 3.1 below. The S-strings run along 
the XZ plane with the transverse interconnecting rods intersecting the middle of each S-
structure in the YZ plane.  
 One S-structure consists of; one horizontal metal slab of length ((a-h)/2) µm 
extending along the Z axis with two vertical legs of height b µm positioned at each 
extreme end of that slab to form the supporting structures for a third metal slab of similar 
geometry to the first slab, which is then positioned at every alternate ((a-h)/2) µm to form 
an S-shape configuration. The thickness of each slab is denoted by t. The separation 
between each adjacent S-string is denoted by d. d1 denotes the periodicity of the chip. g 
refers to the length of the bridge gap between the two vertical supporting structures. 
 Each chip is further distinguished according to the position of the transverse 
interconnecting rods (in the Y direction) and the spacing between each adjacent string (in 
the Z direction). If the rod is connected at every period of an S structure, it is denoted by 
1S and if the rod is positioned at every 2 periods, the chip is denoted by 2S. Moreover, if 
the spacing between each adjacent string is equivalent to 5 µm, the chip is denoted by E. 
However, if the strings are paired but the spacing between the pairs is 10 µm, then the 
d1 + d + 2t = Py 
 












chip is denoted by P for paired. Additionally, the final value of Py indicates whether the 
chip is paired (P if Py = 25 µm) or equidistant (E if Py =20 µm). 
 
Table 3.1: Geometrical specifications of upright S-strings 
 
The size of the chip without window frame is (length × width × height) is 8mm × 7mm × 
0.015 mm and with window frame, the dimensions are as follows:  
Size of the window (Length × Width) is 8 mm × 7 mm. 
Thickness of window frame is 0.030 mm. 
Outer frame dimensions (Length ×Width) are 15 mm× 12 mm. 
Thus, a useful area of about 8 mm x 7 mm is adequately available for spectral 
characterization in FT-IR (Fourier Transform Infrared Spectroscopy). 
Each optical mask is designed with a total of 12 fields among which 8 are 
supported by window frames while the remaining bottom 4 are supported only by the 
transverse rods. The left hand side of the optical mask consists only of equidistant strings 
(E) while the right hand side of the mask is made up of only strings in pairs (P). 
The arrangement of the chips across an optical mask is depicted in Figure 3.4 
below. The alignment marks are represented by yellow crosses on each side of the optical 
mask. 
a (µm) b (µm) h (µm) t (µm) (d, d1) 
(µm) 
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5, 10 
 










Figure 3.4: Arrangement of chips across an optical mask. Each row of chips is divided into 
equidistant (E) and paired (P) strings. The position of the transverse interconnecting rods 
indicates whether the strings are 1S or 2S. The alignment marks are represented by crosses 
on each side of the optical mask. 
 
 
3.3 Fabrication of the upright S-strings 
The upright gold S-strings are batch fabricated using a process, combining both aligned 
UV lithography and gold electroplating of each patterned layer. This gives the advantage 
that given the geometrical sizes of the features, they can be easily and rapidly produced in 
large amounts avoiding the more time consuming X-ray lithography, which includes X-
ray mask generation and X-ray exposure steps that, in turn, are needed for smaller 
structure and higher quality fabrication (structures with vertical sidewalls and very low 
surface roughness (less than 10 nm)). The whole fabrication has been realized using a 
three layer photolithography process that requires precise alignment of each subsequent 
layer with respect to the previously patterned layer. The first lithographic layer patterns 
slabs that are the bases for the ―S‖ configuration, the second layer constitutes the 













supporting legs for the third layer as well as the transverse interconnecting rods and lastly, 
the third layer completes the ―S‖ shape structure by forming slabs just on top of these 
vertical legs. The EM
3
 S-structures are then lifted off the substrate by using a sacrificial 
layer technique which consists of, first depositing a layer of sacrificial material onto the 
substrate and finally removing the sacrificial material to release the fabricated structures 
from the substrate at the end of the fabrication process.  
 In this project, chromium is chosen as the sacrificial layer material for the 
following reasons: 
1. Chromium also acts as adhesion layer for subsequent gold film layer. The gold 
layer serves as the conductive base layer for electroplating the S-structures. 
2. Chromium can be easily and uniformly deposited in a sputtering machine at a 
relatively fast rate. 
3. Lastly, chromium can be easily wet etched using the commercially available 
Micro-Chrome Etchant from Microchrome Technology Products Division. The 
recipe for this chromium wet etch is already standardized in industry (about 2.2 
nm/s). 
 The complete fabrication process of the upright S-strings is summarized as shown 
below: 
1. Mask generation 
2. Substrate preparation 
3. UV lithography 
4. Gold electroplating 





An overview of the whole realization of the upright S-structures is summarized in Figure 
3.5 below. After each electroplating step, a very thin layer of gold is deposited onto the 




Fabrication process flow 
 
1. Clean silicon wafer as starting 
material   
    
    
  
2. Silicon wafer sputtered with 
chromium and gold  
   
 
 
3. AZ 9260 is spincoated onto 
wafer to pattern level 1 















6. Thin gold layer is sputtered onto 





7. AZ 9260 is spincoated onto 






8. Wafer after UV exposure and 
development of level 2 











10. Thin gold layer is  again 
sputtered onto wafer to isolate 
subsequent layers 






11. AZ 9260 is again spincoated onto 
wafer to pattern level 3  






12. UV exposure and development of 














14.   Removal of photoresist prior to 
lift-off process 
 




3.4 Materials and equipment  
For mask fabrication, 5‖ soda lime masks (Nanofilm, Westlake Village CA) are used for 
primary pattern generation by a Heidelberg Instruments direct-write laser system DWL 
66. The soda lime masks are pre-coated with 100 nm chrome and 500 nm AZ 1518. Four 
inch silicon wafers (University Wafers, Boston) serve as the substrates for the fabrication 
process. The wafers are plasma cleaned in a RIE 2321 system (Nanofilm Technologies 
International Pte Ltd) before being loaded into the sputtering machine. Chrome and gold 
seed layers are sputtered onto the wafers in a NSP 12-1 sputtering system from Nanofilm 
Technologies International Pte Ltd.  
 AZ 9260, from Clariant Corporation
1
, is used as the working material thereby 
forming the moulds for the electroplating process. The AZ 9260 is first spincoated in a 
Spin 150 (APT GmbH) before being transferred onto a hotplate (Model 1000-1, Electronic 
Micro Systems Ltd) for the soft baking process. UV exposure and alignment processes are 
performed using a Karl Suss Mask and Bond Aligner MA8/BA6 system. Once the wafers 
are exposed, they are then developed using a mixture of 1:4 AZ400K developer and 
deionized (DI) water. Optical inspection of the developed patterns is done under a Leica 
microscope (DMLM) while monitoring of resist and electroplated gold thickness 
measurements are performed using a Wyko NT1100 optical profiler. FEI Sirion XL30 
serves as the platform for the Scanning Electron Microscope (SEM) pictures. 
          Gold electroplating is conducted using a commercially available gold solution from 
Enthone Inc. Other components like Enthone K4P additive and so forth are added to 
constitute the electrolyte. The electroplating is carried out under carefully controlled 
                                                 
1




conditions with a pH value set to 9.5 and a temperature of 50 ˚C (according to 
manufacturer‘s recommendations) to achieve the best plating results. 
 
 
3.5 Mask generation 
 The mask writing process is a fundamental step in the fabrication procedure, which 
if not properly optimized, yields features that do not match the desired geometrical 
dimensions. As a result, these geometrical errors will become more significant during each 
stage of the fabrication process such as UV lithography and electroplating.  
The pattern for each EM
3
 mask is drawn in the freeware, Layout Editor and saved 
in the GDSII format. The design file is then transferred to the Heidelberg Instruments 
direct-write laser system DWL 66 system. The system consists of a laser unit (a 442 nm 
He-Cd laser) and a computer unit that can dual boot both a Linux based operating system 
and a Windows XP operating system. The hardware consists of the optical elements 
(mirrors and filters to reduce the incident laser power of the He-Cd laser), two 
interferometers that control the precise movement of the stage in both the X and the Y 
directions and a control unit that runs an OS9 operating system. 
 The design file is first converted to LIC format on the Linux operating system. 
This format is a highly compressed optimized file format that can be converted directly 
into final pixel data in real time. Once the file is converted, it is transferred to the XP-
based system via secure-file-transfer-protocol (SFTP). The computer is then rebooted in 




3.6 below illustrates the DWL 66 direct-write laser system from Heidelberg Instruments 
for mask generation. 
 
 
Figure 3.6: DWL 66 direct-write laser system from Heidelberg Instruments for mask 
generation 
 
  Generally, the final feature dimensions on the optical mask will depend on the type 
of write head as well as the exposure dose during the writing procedure. Once a different 
write head is fitted into the equipment, a few calibrations on the system are essential for a 
successful mask exposure. These include parameters like the defocus value of the lens that 
regulates the dose going towards the resist and the laser intensity that is the exposure dose. 
 Since the critical feature dimension of our S-strings is 5 µm, an array of patterns 
typically ranging from 2 µm, 5 µm up to about 15 µm are designed in a layout software 




the exposure dose. As a guideline, the manufacturer provides a starting value of 2048 as 
the defocus. Hence, a set of fields with the same patterns but different defocus values are 
written to verify the pattern quality with each defocus offset. With a 4 mm write head, 
filters of 30% and 10% are positioned along the path of the laser (as per manufacturer‘s 
recommendations). The final laser intensity going towards the resist is changed by varying 
the value of the ―intensity‖ parameter before mask writing. For instance, with a laser 
intensity set to 90%, the incident laser power on the photoresist will be about 3% with 
both a 30% and a 10% filter.   
 While optimizing the defocus value in the above set of experiments, the laser 
energy parameter is kept constant at 30% during the mask exposures. During writing, an 
air gauge auto focus system running on nitrogen gas and a piezo is used to correct for 
variations in the glass plate thickness. This option can also be disabled within the system but 
is commendable for high pattern quality. Once the exposure is done, the mask is developed 
using a standard developing procedure (as listed in the forthcoming section). Inspection of 
pattern quality and geometrical measurements are performed under an optical microscope. 
The defocus value that yields patterns with sharp line edges and correct geometrical 
dimensions is chosen as the optimal defocus value. 
 The laser intensity (also referred here as the exposure dose) can only be set to the 
nearest ten digit in the system. Thus, to find the optimum exposure dose, the same above 
set of experiments is repeated with a test pattern. However, the defocus value is kept 
constant while the laser intensity is varied across each field. For instance, the laser 
intensity can be varied from 20% to 60% in increments of ten units, giving 5 test fields. 
Once the exposure is over, the patterns are again developed using the typical developing 




microscope. Based on our system‘s conditions, the typical exposure dose is about 30% to 
40% and the defocus value is about 2500. Figure 3.7 (a) and (b) below illustrate some test 
results obtained while optimizing the exposure dose of the laser. The patterns are 
underexposed in the first illustration due to a lower exposure dose while in the second 






 Figure 3.7: (a) and (b) illustrate some test results obtained while varying the exposure 
dose of the laser from a lower value to a higher value. The patterns are underexposed in 
the first illustration while in the second picture, the patterns have sharp edges suggesting 
an optimal exposure dose. 
 
Before the actual writing of the EM
3
 masks, parameters like exposure map, the number of 
fields to be written, the type of write head, the defocus value of the lens and so on are 
carefully entered into the system. We chose the 4 mm write head (standard quality) 
running in bi-directional mode that has a 40 nm pixel resolution (high quality mode has 20 
nm resolution) for writing the first three layer masks. The typical mask writing time for 
each of the first 3 sets of masks is about 2 days due to the large number of scan lines at 
this resolution. In order to speed up the mask writing process, the last mask designed to 




resolution of 200 nm (high quality mode can go down to 100 nm) and suits our purpose 
for the low resolution features (window frame and etch holes) of the last mask. The 
writing time for the last mask is about 12 hours. The system is set to bi-directional mode 
for all the mask writing processes. Prior to each mask writing process, the 5-in soda lime 
mask is blown with nitrogen gas and mounted onto the vacuum stage of the mask writer. 
The writing process is then finally started. 
 Once the mask writing process is over, the soda lime mask is developed using a 
mixture of 1:4 AZ 400K and DI water for 30s. The developing time of the mask is very 
critical as any overdevelopment of the exposed patterns will lead to a poor feature 
definition after the chromium etching step. Once the AZ 1518 is developed to reveal the 
exposed patterns, the mask is then rinsed with DI water to remove traces of the developer. 
Afterwards, chrome etchant is used to etch away the underlying chrome layer. The chrome 
areas that are masked by the resist layer remain unetched and subsequently become 
absorbers to the UV radiation. The chrome etch time for this step is about 1 min. The last 
step in the mask making process is to remove the resist using the AZ 300T stripper (AZ 
Electronic Materials USA Corp) followed by a rinse with DI water. 
 
 
3.6 Substrate preparation 
First, the silicon wafer substrate is thoroughly cleaned with acetone and IPA to remove 
organic impurities and rinsed with DI water.  A dehydration bake at 120 ˚C for about 10 
min is then conducted on a hot plate to remove traces of moisture. Consequently, the 




plasma clean of about 3 min. The parameters for the RIE etching step are as listed in Table 
3.2 below. 
 
RIE parameters Value 
RF power (W) 50 
Argon gas flow (sccm
2
) 20 
Oxygen gas flow (sccm) 20 
Chamber pressure (mTorr) 200 
Time (s) 180 
Table 3.2: Parameters for RIE plasma clean process 
  
Figure 3.8 displays the RIE 2321 etching machine from Nanofilm Technologies 
International Pte Ltd that serves for etching applications. 
 
Figure 3.8: RIE 2321 etching machine from Nanofilm Technologies International Pte Ltd 
for etching applications 
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Once the plasma clean step is over, the silicon wafer is blown with nitrogen gas and 
loaded inside the sputtering machine. The sputtering chamber can be loaded concurrently 
with two sputter targets; the first sputter unit runs on RF mode and the second is driven by 
a DC magnetron system. The RF mode is used for sputtering thin non-conductive films 
like chromium (Cr) while the DC mode serves to sputter conducting films like gold (Au). 
The benefit of having multiple sputter targets in a sputtering system is that different types 
of films can be sputtered successively without the need to change target after each 
sputtering step. As such, this prevents contamination of the substrate and the deposited 
thin film. 
 The silicon wafer is coated with about 100 nm of Cr that serves as both the 
sacrificial and adhesion layer to the gold film. The following step is to coat the wafer with 
about 100 nm gold layer that provides the plating base for the electroplating process. The 
parameters used for the sputtering process are illustrated in Table 3.3 below: 
 
Sputtering parameters Chromium sputtering 
(RF) 
Gold sputtering  
(DC) 
Plasma power (RF for Cr 
and DC for gold) (W) 
150 100 
Argon gas flow (sccm) 20 20 
Chamber pressure (mTorr) 10 10 
Time (s) 86 100 
 
Table 3.3: Parameters for chromium and gold sputtering. The sputtering rate varies for 








Figure 3.9 displays the NSP 12-1 sputtering system from Nanofilm Technologies 
International Pte Ltd for sputtering the adhesion and conductive layers. The foreground 
also shows the RF and DC sputter units. 
 
 
Figure 3.9: NSP 12-1 sputtering system from Nanofilm Technologies International Pte Ltd 
for sputtering the adhesion and conductive layers. The foreground also shows the RF and 
DC sputter units. 
 
 
3.7 UV lithography 
The wafer is next spincoated with AZ 9260 photoresist. The choice of photoresist can 
either be AZ 9260 or AZ 4620, both being positive tone, readily available in our 




ability to pattern thick photoresist layers with excellent sidewall profile
1
. To find the 
optimum spincoating speed to achieve a 5 µm thick layer, a matrix of experiments is 
designed as listed below. The aim of this experiment is to obtain about 5 µm thick AZ 
9260 after a complete photolithographic step (spin coating, exposure and developing). 
1.  Firstly, an appropriate range of spin speed, corresponding to about 5 µm 
thickness is chosen from the AZ 9200 series manual [32]. Due to different 
environmental conditions from our lab and the manual, it is common that 
the thickness of the resist layer is less than the predicted value in the 
manual. Therefore, a range of spin speed corresponding to about 6 µm - 10 
µm thick resist is picked from the manual instead; for example, a range of 
3000 rpm – 3700 rpm seems to be suitable for our purpose. Figure 3.10 











2.  Six silicon wafers are cleaned with acetone, IPA and washed with DI 
water. They are then blow dried with nitrogen gas before being dehydrated 
on a hot plate at 120 ˚C for about 3 min. 
3.  The samples are then spincoated with AZ 9260 according to the 
parameters listed in Table 3.4 below. 
4.  After the spincoating step, the wafers are soft baked on a hot plate at 95 ˚C 
for 3 min to drive out the solvent within the photoresist prior to UV 
exposure.  We choose a soft baking of 3 min to ensure that the film is well 
baked and thus does not stick to the optical mask during UV exposure. 
5.  Next each wafer is exposed under a UV mask aligner (Karl Suss 
MA8/BA6 mask aligner) using hard contact mode and a wavelength of 
405 nm (g-line). The exposure dose was set to 1000 mJ/cm
2
 for each 
wafer.  Figure 3.11 represents the MA8/BA6 mask aligner from Karl Suss 






Figure 3.11: Karl Suss MA8/BA6 mask aligner
3




6.  Once exposure is over, each wafer is then developed in an AZ developing 
mixture with 1 part AZ 400K and 4 parts DI water. Once the development 
is over, the wafers are then washed with DI water to remove traces of the 
developer before being blow dried with nitrogen gas. 
7.  Subsequently, the final AZ 9260 thickness of each wafer is measured with 
an optical profiler. Five thickness measurements are done per wafer to 
have a rough estimate of the thickness distribution across each wafer. The 
thickness measurements are listed in Table 3.4 below. The parameters 
shown in bold fonts represent the values that match our expectations, that 
is, a film thickness close to 5 µm. Figure 3.12 illustrates the NT1100 
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 The above equipment does not belong to the IMRE cleanroom. However, the machine and the setup is 




optical profiler from Wyko for measuring resist and gold layer thicknesses 
during the experiments. 
 
 
Figure 3.12: NT1100 optical profiler from Wyko for measuring resist and gold 






 Wafer 1 Wafer 2 Wafer 3 Wafer 4 Wafer 5 Wafer 6 
Spin speed 
(rpm) 
500 500 500 500 500 500 
Acceleration 
(rpm/s) 
300 300 300 300 300 300 
Time (s) 15 15 15 15 15 15 
Spin speed 
(rpm) 
3000 3200 3500 3700 4000 3500 
Acceleration 
(rpm/s) 
300 300 300 300 300 300 


















8.54 6.41 5.34 5.38 4.54 5.23 
 
Table 3.4: Spincoating parameters and thickness distributions of the processed wafers. The 
parameters shown in bold fonts match our requirements of a 5 µm layer thickness. 
 
 
From Table 3.4 above, it can be observed that a spin speed of 3500 rpm yields a resist 




 The next step in the lithographic process is to find the optimum exposure dose for 
a 5 µm thick photoresist. By conducting a set of experiments which involves multiple 
exposure doses on a 5 µm thick photoresist followed by pattern inspection under an 
optical microscope, it is found that the optimum exposure dose is about 550 mJ/cm
2
. The 
experimental procedures are listed down below: 
1. The first step is to clean six four inch silicon wafers with the usual cleaning 
procedure (acetone, IPA and DI water rinse). The wafers are then dehydrated on a 
hot plate at 120 ˚C for 3 min. 
2. Subsequently, each wafer is spincoated with AZ 9260 at 3500 rpm for 35 seconds 
and soft baked on a hot plate at 95 ˚C for 3 min.   
3. Next each wafer is exposed under the mask aligner using a different exposure 
dose. However, the exposure parameters are set to hard contact mode and g-line 
(405 nm) for all exposures. 
4. Afterwards, each wafer is developed for 3 min in an AZ developing mixture with 1 
part AZ 400K and 4 parts DI water. The patterns on each wafer are visually 
checked under an optical microscope for signs of undercut or undeveloped areas 
Undercuts infer that the sample is over-exposed. However, overdeveloping a 
sample will also lead to undercut in the patterns and so, a compromise must be 
reached between an adequate exposure dose and developing time. For this reason, 
the developing time is fixed to 3 min for all the samples. Underdeveloped areas 
(appearance of dark patches) are signs of under-exposure. The optimum dose 
yields patterns with sharp well-defined edges with no undercut. The parameters 
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Table 3.5: UV exposure parameters and optical observations during exposure test 
 
 
As seen from Table 3.5 above, the best pattern definition for a 5 µm thick photoresist layer 
is obtained with an exposure dose corresponding to about 550 mJ/cm
2
. 
 The last lithographic step in the whole fabrication consists of patterning the 
window frame. Since the window frame will be electroplated with 15 µm thick gold 
during the final electroplating step, a photoresist layer of at least 16 µm or higher is 
required to form the mould. Based on the AZ 9200 series manual, we opt for a spin speed 
of 700 rpm which yields about 22 µm thick AZ 9260. 
 The optimized spincoating parameters for achieving a 5 µm and a 22 µm thick 
layer AZ 9260 are tabulated in Table 3.6 below: 
 5 µm resist layer 22 µm resist layer 
Spin speed (rpm) 500 500 
Acceleration (rpm/s) 300 300 
Time (s) 15 15 




Acceleration (rpm/s) 300 300 
Time (s) 45 45 
 
Table 3.6: Spincoating parameters for layer 1, 2 and 3 (5 µm each) and layer 4 (22 µm). 
 
  
3.8 Gold electroplating process 
The electroplating process is a vital step in the fabrication process that needs 
consistent monitoring of the electroplating conditions and the deposited gold thickness. 
Setting up the gold bath ensures a consistent gold electroplating rate. This entails 
following the manufacturer‘s recommendations very closely and conducting some 
experiments to verify the plating quality.  
In SSLS, gold electroplating is performed in a customized electroplating bath 
consisting of a DC supply, a control unit connected to an oscilloscope for setting the pulse 
plating duty cycle, a 2 L gold electrolyte, a titanium coated anode, the cathode being the 
sample that needs electroplating, a heater equipped with a magnetic stirrer and a rheostat 
to adjust the electroplating current. A thermocouple connected to the heater regulates the 
temperature of the gold bath. The electrolyte is composed of Enthone Replenisher, 
Enthone Brightener, Enthone Conducting Salt and Enthone K4P Additive, all supplied by 





 Each of the components in the electrolyte serves its own purpose in the 
electroplating bath and must be added in the appropriate amount or volume as per the 
manufacturer‘s recommendations:  
 The Enthone Replenisher maintains the appropriate concentration of gold ions in 
the solution for electroplating. 
 The Enthone Brightener is a brightening agent that gives a bright yellow color to 
the electroplated gold deposit. It is a thallium based compound and gold refiner 
containing 10 g/L of thallium. 
 The Enthone conducting salt supplies free conducting salts to the gold bath. These 
also act as complexing salts. 
 Lastly, the K4P additive is a component that increases the conductivity of the 
plating bath. It also complexes the metallic impurities inside the electroplating 
bath. 
 
According to the manufacturer‘s recommendations, the optimum conditions for good 
electroplating are as listed in Table 3.7 below. Additionally, the manufacturer states that 
an electroplating time of 10 minutes deposits 2.5 µm of gold at a current density of 0.4 
A/dm
2





Operating conditions Nominal 
Gold 10.25 g/l * 





Conducting Salt 30 g/l* 
K4P Additive 50 g/l* 
Agitation Moderate solution agitation 
Cathode Current density 0.1 to 0.5 A/dm
2
 
* In the case of a 2 l electrolytic bath, the appropriate amount of each component needs to be calculated. 
Table 3.7: Gold bath specifications as per manufacturer‘s recommendations 
 












Figure 3.13: Schematic showing the gold bath setup for the gold electroplating process 
 
A test plating is mandatory to verify the gold plating quality and electroplating rate, 












replenishment is performed once every 6 months depending upon the usage of the gold 
bath. Furthermore, once every year, the gold bath is sent for analysis at the Department of 
Chemistry in National University of Singapore to check for the gold content and the 
amount of constituents in the electrolyte. 
 To measure the electroplating rate at a particular current density (within the range 
of 0.1 A/dm
2
 to 0.5 A/dm
2
), a wafer with a pre-coated gold seed layer is patterned with a 
resist layer. The choice of resist can be either positive or negative tone, provided that a 
suitable resist thickness is obtained after exposure and development of the exposed 
patterns. This step provides a mould of suitable thickness for the subsequent electroplating 
process. A few points are then measured across the wafer to obtain the distribution of the 
resist thickness across the wafer. 
The electroplating current is a product of current density and electroplating area, 
given by the equation below: 
Electroplating current = Current density * Electroplating area            (4.1) 




)                      A- Ampere 
 
The electroplating area is usually obtained from the laser writer during the mask 
generation process. Thus, at a known current density (for example 0.2 A/dm
2
), the 
electroplating current can be calculated. Using a direct current (DC) setup, this 
electroplating current can be easily achieved by adjusting the rheostat before starting the 
electroplating process. Subsequently, at regular time intervals (for instance every half an 
hour), the same previous points are again measured on the wafer. The difference in the 
step height thickness at each point yields the thickness of the gold deposit. In such way, 




electroplating rate at other current densities, the above procedure is repeated but proper 
adjustments need to be performed with the current to account for different current 
densities. 
 The amount of brightener in the gold electrolyte is subjective on how bright or dull 
the gold deposit is preferred after the electroplating process. This can be easily inspected 
by electroplating a piece of silicon wafer that is precoated with a gold seed layer for about 
10 minutes. The pattern quality is then observed under an optical microscope. If the color 
of the gold deposit is still dull, about 2 mL of brightener is added to the gold bath and 
afterwards another piece of wafer is electroplated and visually checked. The above 
procedure is repeated until the desired gold color is achieved. 
 Since SSLS is heavily involved in commercial projects that require constant gold 
electroplating throughout the year, the electroplating bath is very well maintained to meet 
customer demands and thus, some of the electroplating parameters have previously been 
investigated or verified during the course of these projects. Yet, the procedures for 
verifying the gold electroplating rate are conducted in the same way each time the gold 
bath is replenished. In our case, at a current density of 0.1 A/dm
2
, an electroplating rate of 
about 3 µm/hr is achieved while an electroplating rate of about 6 µm/hr is obtained at 
current density of 0.2 A/dm
2
. These values are based on a DC setup. Furthermore, the 
actual electroplating rate varies according to the gold bath conditions and the type of 
sample to be plated. 
 Before the electroplating process, a mild plasma clean is generally carried out on 
the sample using the following parameters: RF power of 30 W, oxygen flow of 20 sccm 
and etching time set to 1 min. This removes all remaining traces of developer and clears 




  According to the design specifications of the S-strings, the first three layers are to 
be electroplated to 5 µm thickness. It is very hard to control the electroplating process to 
achieve exactly 5 µm thick gold over an entire four inch wafer due to numerous reasons 
like the varying electric field across the patterned areas on a wafer which leads to smaller 
areas plating faster than larger open areas [34], agitation of the plating bath which 
regulates the mass transport of gold ions to electroplated areas by convection [35] etc. 
Furthermore our photoresist layer averages to about 5 µm only and so, care must be taken 
not to over-plate the structures. This is carried out by repeated monitoring and 
measurement of the electroplated gold thickness until the desired thickness is achieved. 
Literature reports reveal that pulse plating offers more control and uniformity over 
the plated gold thickness than DC plating. Furthermore, pulse plating gives rise to smaller 
grain size that leads to improved hardness and tensile stress of the plated gold deposits 
[36- 38]. Therefore, the first three layers that constitute the upright S-strings are fabricated 
using pulse plating. The window frame does not require high accuracy over its thickness 
and thus, is manufactured using DC plating. With a pulse cycle of 20 ms/80 ms (ON/OFF) 
and a current density of 0.2 A/dm
2
, the electroplating time for each 5 µm layer is about 3.5 
hours. The thickness of the gold window frame is about 15 µm and the electroplating time 
takes about 5 hours with DC plating. 
 The electroplating process is carried out by following the procedures listed down 
below: 
1. First, the thickness of the AZ 9260 resist (mould) is measured at several points 
across a wafer using the optical profiler.  
2. The conductive areas on the sample are then masked with a special polyester tape 




applications, we use the 3M adhesive tape.  The masking step is needed to prevent 
the conductive areas from undergoing electroplating. 
3. Next, the wafer is weighed on a scientific weighing scale. This additional step 
helps us to keep track of the amount of gold being used up during electroplating. 
4. The pH of the gold bath is then measured with a pH meter. In case the pH is too 
low, a few mL of 0.1 M aqueous sodium hydroxide is added to raise the pH to a 
value of about 9.5. 
5. Prior to the pulse electroplating process, the parameters for the duty cycle are 
keyed in a customized software and afterwards fed to the control unit. These 
parameters are then used by the microprocessor inside the control unit to run the 
duty cycle. The duty cycle is verified by measuring the pulse cycle seen on the 
oscilloscope. 
6. The electroplating current is next calculated as mentioned above: 
Electroplating current = Current density * Electroplating area 




)                      A- Ampere 
The value of the current density depends on the choice of the user while the 
electroplating area is the area given by the laser writer during the mask generation 
process. For our applications, we use a current density of 0.2 A/dm
2
 for pulse 
plating and 0.1 – 0.2 A/dm2 for DC plating. 
7. Once the value of the electroplating current is calculated, the following step is to 
do the electrical setup for the gold bath. The electroplating current is the reciprocal 
of the voltage across the gold bath over resistance. (Ohm‘s law) 
  Voltage = Current * Resistance 




Therefore the desired current is achieved by varying the rheostat and voltage of the 
DC supply. 
8. The last step is to connect the sample to the cathode.  The setup is then allowed to 
stand for a few minutes to allow the gold bath conditions to stabilize before the 
process is started. Figure 3.14 below displays the pulse plating setup used during 
the electroplating experiments. 
9. After the electroplating is over, the sample is washed thoroughly with DI water to 
remove traces of the gold electrolyte and then allowed to dry. 
10. The thickness measurements are then done with the optical profiler again. The 
same previous locations are now measured to find the new step heights. The 
difference in step height equals to the thickness of the electroplated gold.  Table 
3.8 below displays some results obtained at different locations across a wafer 
during the pulse plating. The objective is to find the gold plating rate during pulse 
plating. The plating rate below is calculated after 3 hours of gold plating. 
 
Resist thickness  
before plating (µm) 5.81 6.25 5.3 5.6 5 5.34 5.18 5.04 
Resist thickness  
after plating (µm) 2.72 2.52 2.58 3.03 2.61 2.07 3.14 2.94 
Thickness of  
electroplated gold 
(µm) 3.09 3.73 2.72 2.57 2.39 3.27 2.04 2.1 
Rate  (µm/hr) 1.03 1.24 0.907 0.857 0.797 1.09 0.68 0.7 
 







11. The last step is to weigh the wafer again on the scientific weighing scale. The 
difference between the initial and final reading gives an estimate of the amount of 
gold used during the electroplating process.  Finally the masking tape is carefully 
stripped from the wafer. 
 
 
Figure 3.14: Pulse plating setup used during the electroplating experiments 
 
During the course of our experiments, it was discovered that there was considerable 
cracking of the underneath photoresist layer while a fresh layer of photoresist was being 
soft baked for further processing. This cracking was attributed to trapped solvents 
contained within the underneath patterned photoresist, most likely from the developing 
solution and the electroplating bath. Thus, there was a need for a hard bake step before 
further processing. The hard bake gives the resist improved mechanical and chemical 
stability as it hardens the resist. However, the resist also becomes more resistant to remove 




 Typical hard bake steps for AZ 9260 resist are conducted around 130-140 ˚C. 
However, at these temperatures, the photoresist reflows and thus degrades the wall profile. 
It also causes the photoresist to swell which will affect the mask contact during the UV 
exposure step. Hence, a temperature of 95 ˚C for 2 hours is chosen for the hard bake step. 
A relatively long hard bake is conducted on the resist to ensure that solvents do not remain 
trapped within the photoresist. 
  Once the resist is post-baked, it is sputtered with a 100 nm thick gold layer. This 
provides the plating base for subsequent electroplating and also isolates one fabricated 




3.9 Alignment during UV lithography 
The alignment of each layer with respect to the previously patterned gold layer is a vital 
step in the fabrication process. It is a meticulous task because it requires high precision 
and the margin for error is very small. Any mistakes in alignment will render the samples 
ineffective as the photoresist layer cannot be washed off and spincoated again. 
Additionally, the alignment requires a near one micrometer precision as an alignment 
accuracy of about less than 20% of the separation between the S-strings is needed for the 
capacitance in the resonators. 
 The mask aligner tool for the UV/aligning purpose, Karl Suss MA8/BA6 is 
powered by a 1000 W mercury lamp that supplies the adequate wavelengths for the 




emission lines of mercury. The mask aligner tool is also equipped with two micrometer 
knobs, each with a mechanical resolution of 1 µm in both vertical and horizontal 
directions covering a useful range of ±10 mm horizontally and 5 mm vertically for 
alignment purposes. Additionally, it is fitted with a rotational knob that provides an 
alignment accuracy of 1˚ over a range of 5˚. The alignment gap runs from 1 to 300 µm for 
all exposure modes including hard, soft and proximity. Moreover, the microscope is fitted 
with two magnifying objectives, located on each side of the wafer along the horizontal 
direction and separated by a distance of 5 cm. A split function and a CCD camera merge 
the field of view from each objective into a common view on a monitor and allow 
alignment of each side of the wafer in real time. 
 The alignment procedure is executed as listed below: 
1. The optical mask is cleaned with IPA and blow dried with nitrogen gas before 
being inserted into the mask holder. It is important to place the mask such that its 
alignment marks are along the same translational axis as the microscope 
objectives. Any other direction will cause the alignment marks to be invisible 
under the microscope. The mask vacuum is next switched on such that the mask is 
tightly held to the mask holder. 
2. The sample is then placed onto the sample stage and the vacuum is switched on to 
lock the wafer onto the stage. Subsequently, parameters like exposure dose, 
alignment gap, exposure mode and so forth are set before the alignment process. 
3. Once the system is ready for alignment, the primary step is to locate the alignment 
marks on each side of the optical mask through the microscope. This is performed 




then focusing with the main focus knob. Fine focusing can also be achieved 
independently for each of the microscope objective.  
4. Once the alignment marks are clearly visible on the monitor screen, they are 
aligned horizontally against one another using the rotational knob of the 
microscope. This ensures that the alignment is performed within a leveled plane.  
5. The next step is to find the electroplated alignment marks on each side of the 
substrate. This is achieved by combining the substrate‘s translational and rotational 
movement. Once located, the objective lenses are fine focused to yield a clear 
image. At this point, both the alignment marks of the optical mask and the 
substrate are clearly visible on the monitor. 
6. The alignment marks on each side of the wafer are then aligned with respect to the 
alignment marks from the optical mask using the substrate‘s translational and 
rotational knobs. 
7. The alignment accuracy is subsequently checked with an alignment check function 
from the system which operates by pushing the substrate stage towards the mask 
until the substrate is in contact with the optical mask. This is synonymous with a 
hard contact mode exposure. For other exposure modes like soft contact mode, the 
system will slowly push the substrate until the predefined substrate-mask gap is 
reached. 
8. At this level, the mask and substrate are in contact with each other and therefore 
any misalignment can be seen on the monitor. The alignment accuracy is double 
checked by magnifying the objective lenses from 10X to 50X. 





Even though the operational procedure for the alignment system seems quite feasible, it is 
relatively difficult to align three electroplated layers to the nearest micrometer. 
Sometimes, errors can be reproduced because of an inherent fault in the alignment system 
like vibration etc. For example, if there is a consistent error in the alignment along one 
axis only, a promising approach will be to offset that misalignment along that same axis 
during subsequent exposures and so on. 
Nevertheless, a suitable alignment can be achieved with some practice together 
with a sound understanding of the alignment system. Depending on the clarity of the 
underneath electroplated patterns, the alignment process may take about 15 min to half an 
hour. 
Figure 3.15 (a) and (b) below illustrate two examples of misalignment. They 
correspond to the left and right hand side alignment marks of the wafer respectively. The 
alignment marks of the electroplated underneath layer do not coincide with the alignment 









Figure 3.15: (a) Example of misalignment on left hand side of a wafer. Alignment marks 
of the electroplated underneath layer do not coincide with the alignment marks of the 
upper layer. Picture is taken at a magnification of 10X. (b) Example of misalignment on 
right hand side of a wafer. Alignment marks of the electroplated underneath layer do not 




After a few alignment practices, the misalignment becomes less apparent but still, a slight 
misalignment on the alignment marks translates to a large offset on the structures.  
Furthermore, the exposure and electroplating steps make the electroplated alignment 
marks slightly larger than the alignment patterns on the optical mask and therefore, during 
alignment, they do not coincide perfectly, Figure 3.16 (a) illustrate how a slight 
misalignment at a magnification of 20X translates to a major offset on the S-structures. In 
Figure 3.16 (b), the misalignment is represented between the electroplated layer 1 and the 








Figure 3.16: (a) A slight misalignment at the smaller alignment mark at a magnification of 
20X. The edges of the electroplated alignment mark protrude slightly from the edge of the 
developed alignment mark. (b) Misalignment is obvious between the electroplated layer 1 




between layer 1 




Numerous practices together with a meticulous alignment procedure can finally yield a 
very good alignment. Figure 3.17 depicts a very good alignment between layer 1 and 2. 
Each leg of the upright S-structure is nicely positioned at each end of the horizontal slab. 
The interconnecting rods are also perfectly located at every alternate position. 
 The picture below also substantiates the fact that the additional gold film layer that 
is deposited after each electroplating step acts as an optical absorber during the exposure 
steps. If the film were too thin, the resist layer 1 found underneath the interconnecting rods 
would have been exposed during the exposure of the upper layer. 
 
 
Figure 3.17:  A very good alignment between electroplated layer 1 and developed layer 2. 
Each leg of the upright S-structure is nicely positioned at each end of the horizontal slab. 
 
 
 Figure 3.18 (a) below illustrates an excellent alignment achieved for all three 
layers. The view has been tilted at 30˚ to have a clearer image of the sample and taken 




is easily noticeable that the edges of the patterns from each layer coincide nicely with each 
other. The thin gold film underneath the patterns is the UV absorber and is easily removed 









Figure 3.18: (a) An excellent alignment achieved for all three layers. The view is tilted at 
30˚ to have a clearer image of the sample and taken from the bottom of the sample. (b) A 
close-up view of the same sample. It is easily noticeable that the edges of the patterns 
from each layer coincide nicely with each other. 
 
 
3.10 Lift-off process  
After the final electroplating step which consists of forming the window frame, the wafer 
is dipped into acetone to remove the photoresist layers. A mild gold wet etch is performed 
using a KI solution (10 g KI (potassium iodide crystals) + 5 g solid (iodine) + 85 ml DI 
water) to clear the gold films sandwiched between the photoresist layers. It takes about 1-2 
min to clear away the gold film. Afterwards, the wafer is rinsed with DI water and dipped 
into acetone again. The KI solution is also used to etch away the sputtered gold seed layer 




rinsed again with DI water and immersed into the chromium etchant until the structures 
are finally released from the substrate. 
 The chips are next carefully removed with tweezers and rinsed with DI water. 
They are then washed with IPA and allowed to dry under room conditions. The underlying 
reason for using IPA instead of water for the final rinse is to reduce stiction that may cause 
the S-strings to fracture. 
 
 
3.11 Optical observations 
Once the lift-off of the chips is over, optical and SEM pictures of the upright S-strings are 
taken to check the dimensional accuracy of the patterned S-strings. Figure 3.19 illustrates 
Scanning Electron Microscope (SEM) images of (a) close-up view of 2SP strings (b) top 
view of 2SE strings (c) magnified image of 1SE strings (with dimensions) and (d) bird‘s 






Figure 3.19: Scanning Electron Microscope (SEM) pictures showing the manufactured 
upright S-strings (a) close-up view of 2SP strings (b) top view of 2SE strings (c) 
magnified image of 1SE strings (with dimensions) (d) bird‘s eye view of 2SP strings held 
by both gold interconnecting rods and a gold window frame.    
 
 
Figure 3.20 shows the FEI Sirion XL30 SEM equipment for gathering the SEM 
micrographs of the samples. The foreground also shows the beam blanker and the 







Figure 3.20: FEI Sirion XL30 SEM equipment for gathering the SEM micrographs of the 




Figure 3.21 illustrates optical microscope images of fabricated 2SP strings after the lift-off 
process. They represent (a) level 3 of 2SP strings (b) level 2 of 2SP strings (c) level 1 of 
2SP strings (d) top view of 2SP strings 





Figure 3.21: (a) Optical microscope images representing (a) level 3 of the fabricated 2SP 
strings (b) level 2 of the manufactured 2SP strings (c) level 3 of the 2SP strings (d) a 
bird‘s eye view of the strings. 
        
 
Figure 3.22 portrays some optical microscope pictures that show the sharp line edges 
obtained using our optimized recipe. The camera picture illustrates both a fabricated chip 
with a built-in window frame and a manufactured chip supported solely by 
interconnecting rods. The foil-like appearance of the fabricated chips can easily be 
observed. The optical profiler picture shows a 3D view of the strings at a magnification of 






Figure 3.22: (a) Layer 1 of the upright strings showing P type strings (b) a magnified 
microscope picture showing patterns with sharp line edges (c) digital camera picture 
showing a fabricated chip supported by a window frame and interconnecting rods (left) 
and a manufactured chip held solely by interconnecting rods (right). The foil-like 
appearance of the fabricated chips is easily noticeable. (d) 3D optical profiler image 
showing the different layers of the upright strings (layer 1 is blue, layer 2 is blue-green, 
layer 3 is red) 
 
 
Furthermore, the free-standing upright S-strings have a foil-like shape and can be bent at 
various angles without fracture. This increases the potential of these metamaterials to be 
shaped and bent around objects to shield them from electromagnetic radiation. Figure 3.23 
















3.12 Fabrication issues 
 As is common to all fabrication processes, each process step needs to be optimized 
to yield the best fabrication results. Wherever possible, the fabrication issues have been 
solved while a few of them were beyond our budget or equipment capabilities. Some of 
the issues that cropped up during our fabrication process are highlighted below.  
 
1. According to the design of the S-structures, each EM3 layer is 5 µm thick which 
implies that each photoresist layer should also be around 5 µm thick. However, it 
is very hard to spin coat exactly 5 µm thick photoresist over an entire wafer due to 
striations (non-uniform drying of solvents across the wafer), edge bead (residual 
ridge of resist that build up at the edge of wafer) and streaks (radial patterns caused 
by particles that are bigger than the spun resist thickness). Even though a 
sufficiently long spin time of about 30 sec is used during spin coating followed by 
a resist relaxation time of 1 min before soft baking to allow the edge bead to settle, 
the thickness distribution of the resist could not be optimized to 5 µm. 
Furthermore, the spin coating results are dependent upon the cleanroom conditions 
like humidity, temperature and so forth. Therefore, a compromise was reached and 
a spin coat recipe yielding an average resist thickness of about 5.2 µm was adopted 
for the fabrication process. 
2. The second layer of the EM3 upright strings was designed to be square shaped. 
Yet, after exposure and development of layer 2, the squares became rounded in 
shape. The issue was initially thought to be due to a probable overexposure or 




the corners of the squares more rounded. The exposure dose was thus slightly 
lowered but the patterns turned out underexposed. Hence, it was not feasible to 
lower the exposure dose below 500 mJ/cm
2
.  
 The cause of the round shaped patterns was later on attributed to the 
surface topology of the fabricated first layer. This hypothesis was verified by spin 
coating a 5 µm thick photoresist layer onto a cleaned silicon substrate and 
exposing layer 2 with the same dose as layer 1 that is at 550 mJ/cm
2
. The exposed 
pattern were then developed in an AZ 400K developing mixture with one part AZ 
400K and 4 parts of DI water before visual inspection under an optical microscope. 
 Figure 3.24 (a) depicts layer 2 optical mask with interconnecting rods and 
upright legs and figure 3.24 (b) illustrates the round shaped patterns obtained after 
UV exposure and gold electroplating of layer 2. Figure 3.24 (c) illustrates the well 
defined patterns obtained when the resist is spincoated on a bare silicon wafer and 
then subjected to UV exposure. The shape of the patterns looks similar to the shape 















Figure 3.24: (a) Layer 2 optical mask showing upright legs and interconnecting rods (b) 
Round shaped patterns obtained after UV lithography and gold electroplating (c) Well 
defined patterns obtained when the resist is spincoated on a bare silicon wafer and then 
subjected to UV exposure. The shape of the patterns looks similar to the shape of the 
patterns from the optical mask. 
 
 
As seen from the above pictures, the quality of the patterns is much improved when 
patterned from a flat surface (in this case, the polished silicon surface) as compared to 
being patterned directly onto layer 1. The unevenness of layer 1 is ascribed to the non-
uniformity in the resist layer and that of the gold plating. Also, the edge bead formed from 
spincoating a fresh layer of photoresist affects mask contact during exposure. Thus, a 




a polishing process, for instance, by using a Chemical Mechanical Polishing (CMP) 
process. 
 
3. Even though the gold electroplating is conducted using pulse plating, the uniformity of 
the deposited gold over an entire wafer is not exactly even throughout the substrate. 
Several factors affect the gold plating and the most important ones are ion transport from 
convection and diffusion. Furthermore, the gold plating thickness is largely dependent 
upon the size of the features to be plated, separation among the features and formulation 
of electrolyte. Large and small patterns will plate at different rates subject to the current 
crowding effect and diffusion of gold ions [33]. Furthermore, the ion flux and mass flux 
are locally denser at the edges of patterns, ―rabbit ears‖ develop leading to the edges 
plating faster than the inside. In smaller features, like circles and holes, these ―rabbit ears‖ 
merge together thereby leading to a faster plating rate than surrounding wider areas [33]. 
In this context, the frames and etch holes in our design plate faster than the smaller open 
regions like the EM
3
 structures. Therefore, the thickness of deposited gold is less in larger 
areas than in smaller areas, contributing to more non-uniformity across the wafer. 
Moreover, the alignment marks also become over-plated rendering the edges of those 
features indistinguishable.  This causes more errors in the aligning process. Figure 3.25 
illustrates alignment marks that have been slightly over-plated due to ―rabbit ears‖. The 
edges of the alignment marks look dark and unclear under the microscope.  The 
surrounding regions represent the gold film layer that is deposited once each EM
3
 layer 






Figure 3.25:  Alignment marks that have been slightly over-plated. The edges of the 
alignment marks look dark and unclear under the microscope and make alignment process 
difficult. The surrounding regions represent the gold film layer that is deposited after each 
EM
3




4. Since the fabrication process did not require high quality features, UV lithography was 
the selected exposure mode and so, the sidewalls of the resist were not exactly 90° but had 
a slight slope. This slope is common in UV exposure due to the diffraction of UV light at 
the edge of the chrome absorbers from the optical mask during the exposure step. This 
creates an edge-scattered zone and prolonged development of a positive resist will 
eventually remove that zone and cause a greater sidewall slope. Figure 3.26 below 
illustrates a side view of the upright structures, layer 1 is the topmost structure and layer 3 
is the bottom structure.  It can be seen that all the patterns have a slight sidewall angle. 






Figure 3.26: Side view of the upright structures; layer 1 is the topmost structure and layer 
3 is the bottom structure.  It can be seen that all the patterns have a slight sidewall angle. 
Some over-plating from layer 1 can also be observed. 
 
 
 One way of addressing this issue is to use X-ray lithography for the exposure steps. 
This involves using X-rays to irradiate an X-ray mask, which consists of a membrane 
patterned with an X-ray absorber. The X-ray absorber is usually an element of high atomic 
number and therefore absorbs X-rays during the exposure. Due to the short wavelength of 
X-rays, they have high energy and therefore penetrate deeper into resists without being 
affected by the topography of substrate. Hence, high resolution structures of millimeter 
(mm) thickness with sidewall angles close to 90˚ can be obtained through X-ray 








absorber is gold. The choice of resist is either SU-8 for negative tone or poly 



















Upright S-shaped Metamaterials 
 
4.1 Singapore Synchrotron Light Source (SSLS) 
Established in 2001, the Singapore Synchrotron Light Source (SSLS) is a state-of-art 
accelerator facility that provides high-flux and high-brightness electromagnetic radiation 
covering the electromagnetic spectrum from the infrared to the X-ray region. SSLS 
features a 700 MeV compact superconducting electron storage ring, Helios 2, designed 
and built by Oxford Instruments, that includes two 4.5 T superconducting dipoles, each 
shaped into 180° arc with a bending radius of 0.519 m. The dipoles are each separated by 
3.77 m long straight section on each side and the complete ring design amounts to a 
circumference of 10.8 m. The critical energy and natural emittance are 1.47 KeV and 1.37 
µmrad, therefore covering a spectral range of 1 meV to 10 KeV close to the hard X-ray 
region. Injection is performed at 100 MeV using a microtron [39-44]. Both the microtron 
and storage ring are enclosed by a 1.2 m thick concrete wall that constitute the vault 
(shown in red in Figure 4.1 below). During operation, currents up to 400 mA with a 
lifetime of 17 h can be supplied daily. SSLS acts as both a research platform and a 
foundry for advanced manufacturing and spectroscopic activities [39, 40]. Table 4.1 and 
Figure 4.1 below illustrate the main parameters of the Helios 2 storage ring and a 




superconducting ring, the microtron together with the external beamlines and end stations 
respectively [41, 42]. 
 
Parameter Unit Value 
Electron energy MeV 700 
Magnetic field T 4.5 
Characteristic photon energy KeV 1.47 
Characteristic wavelength nm 0.845 
Electron current (typical) mA 500 
Circumference of electron 
orbit 
m 10.8 
Lifetime h >10 
Emittance µmrad 1.37 
Source diameter horizontal mm 1.45-0.58 
Source diameter vertical mm 0.33-0.38 





Table 4.1: Main parameters of Helios 2 storage ring [41]. 
 
 
Figure 4.1: Schematic layout of SSLS facility showing the 1.2 m thick concrete wall 
harboring the superconducting ring, the microtron together with the external beamlines 




To date, SSLS possesses six operational beamlines as listed below: 
 PCIT – Phase Contrast Imaging and Tomography: Light from Helios 2 is 
transmitted through the sample and converted to white light by a scintillator foil 
for X-ray microimaging and tomography on soft matter with 1μm and 1s spatial 
and temporal resolution, respectively 
 SINS – Surface, Interface, and Nanostructure Science: It comprises of a soft X-ray 
Dragon-type beamline with a 4-spherical grating monochromator covering a 
spectral range of 50–1200 eV spectral range for photoemission, absorption 
spectroscopy, and X-ray magnetic circular dichroism (XMCD). The end station 
also includes in situ Atomic Force Microscopy (AFM)/ Scanning Tunnelling 
Microscopy (STM) for characterization. 
 ISMI –Infrared Spectro/Microscopy: It includes two vacuum Fourier transform 
interferometers for medium and high resolution measurements as well as an 
infrared microscope. Characterization of metamaterials and other research 
activities are held at this beamline. 
 LiMinT (Lithography for Micro and Nanotechnology).  It is the platform for most 
of SSLS‘s fabrication work and industrial projects. It features a class 1000 
cleanroom that encompasses all the necessary equipment for a full LIGA process, 
starting from primary pattern generation by a laser writer or ebeam writer to final 
electroplating of moulds. Located outside the cleanroom are lapping/polishing and 




 XDD –X-ray Development and Demonstration: It extends from high-resolution 
single crystal and powder diffraction, reflectometry, topography to X-ray 
Absorption Fine Structure (XAFS) and X-ray Fluorescence (XRF). 
 EPD – Electron and Photon beam Diagnostics: It specializes in position, drift, and 
emittance of both electron and photon beam. 
Another beamline is in construction and will be due in 2011. It is dubbed XAFCA for X-
ray absorption fine structure spectroscopy for catalysis. The energy range will be in the 




4.2 Infrared Spectro/Microscopy (ISMI) at SSLS 
At SSLS, the high photon flux and brilliance of the generated synchrotron radiation 
provides superior high-resolution infrared (IR) capabilities as compared to conventional 
IR sources. The infrared synchrotron source covers a useful spectral range from 10 000 
cm
-1
 to 10 cm
-1
. At the end station, there exist both a medium and a high resolution 
Fourier Transform Interferometer (FT-IR) for specialized research studies like forensics, 
surface chemistry using reflection absorption infrared spectroscopy (RAIRS), 
characterization of metamaterials and so forth. 
 The infrared light from the nearest magnetic dipole is collected by a water cooled 
plane mirror M1 placed at 2.0 m from the source point. M1 is inclined at 45° to the 
horizontal such that it reflects the collected light vertically onto the toroidal mirror, M2 




outside the vault, 8 m away onto another toroidal mirror, M3 that, in turn, deflects the 
light vertically down onto another plane mirror M4, situated 0.4 m below in the same 
vacuum chamber. The light is then focused near a wedged diamond window (DW) located 
1.2 away from mirror M4. DW also serves as a physical barrier to isolate the ultra high 
vacuum section of the beamline from the low vacuum prevailing at the end station. A 
rotational ellipsoidal mirror M6, located 1.8 m away from DW deflects and focuses the 
infrared light onto a plane mirror M7 for deflection, fine tuning of focus position and 
alignment for the infrared light before entering into the Bruker IFS 66v/s spectrometer. 
The latter is equipped with a Hyperion 200 microscope and a (Ultra High Vacuum) UHV 
chamber for in situ studies.  On the other side of the beamline, there exists a high 
resolution spectrometer, IFS 125-HR that possesses a resolution of 0.0063 cm
-1
. Infrared 
light from switching mirror M5, located downstream of DW is directed onto an additional 
parabolic mirror M8 that in turn, focuses the light into the large source chamber of the 
spectrometer. Figure 4.2 shows a schematic layout of the ISMI optics [45]. 
 
 




4.3 FT-IR spectrometer at ISMI beamline 
A FT-IR spectrometer is basically an instrument that acquires infrared spectra from near 
IR to far IR by first collecting an interferogram of a sample using an interferometer and 
lastly performing a Fourier Transform (FT) on the interferogram to obtain the spectrum. 
At the ISMI beamline, the FT-IR spectrometer runs on the most commonly used 
Michelson interferometer. The interferometer consists of a beamsplitter, a fixed mirror and 
a scanning mirror that translates back and forth very precisely.  The beam splitter 
transmits half of the incident radiation from the IR source and reflects the other half. The 
transmitted beam is directed towards the fixed mirror while the reflected beam goes to the 
moving mirror. Both the fixed and scanning mirrors reflect back the radiation towards the 
beam splitter. As a result, again, half of this incident radiation is transmitted and half is 
reflected finally leading to one beam going through the sample towards the detector and 
one beam (part of fixed and part of moving mirror) going back to the source. A schematic 
representation of a Michelson FT-IR interferometer is shown below in Figure 4.3 below: 
 
 




The sample to be measured is placed in between the beamsplitter and the detector. In 
addition, a laser beam, typically by a He-Ne laser (633 nm red laser) is used in 
conjunction with the infrared source. The laser beam passes through a hole in the source 
mirror, is modulated by the interferometer and goes through another hole in the sample 
compartment focusing mirror before hitting the detector. The signal produced at this 
detector is used to track the position of the moving mirror very accurately by counting the 
waves. The interferogram produced by the laser is used to measure exactly the distance the 
moving mirror travels. A schematic of the beam optical path during spectrum acquisition 




Figure 4.4: Schematic of beam optical path during spectrum acquisition. The dotted lines 
represent the beam path [46]. 
 
The signal-to-noise ratio (SNR) of an FT-IR describes the spectrometer‘s ability to 
distinguish an actual signal from background signals like noise and other instrumental 




IR. These relate to the scanning time and the SNR (the SNR improves by a factor equal to 
the square root of the collection time), the resolution and throughput and so forth. Also, in 
the data acquisition step, there are a number of factors like apodization, zero filling and so 
forth that are automatically performed by the FT-IR acquisition software.    
 
 
4.4 Characterization of upright S-strings 
Based on the numerical simulations performed on the upright S-strings, the resonance 
peaks were expected to be in the far infrared at 3.2 THz and 6.8 THz.  Therefore, 
spectroscopic measurements are carried out in the far infrared (FIR) to locate these 
resonance peaks. The Bruker IFS 66v/s Fourier transform interferometer (FT-IR) is used 
to characterize the metamaterials over a range of 22 cm
-1
 to 400 cm
-1





 spectral resolution. The globar, a ceramic rod that is heated to a high temperature of 
around 1000 ˚C is used as the infrared (IR) source. A 23 µm Mylar beamsplitter, meant for 
FIR was used during the measurements. The transmission measurements are gathered with 
a FIR DTGS (deuterated triglycine sulfate) detector. The chip is first mounted onto a 
rotational stage before being inserted into the sample chamber. The stage is equipped with 
a beam condenser that demagnifies the beam 4X that of the aperture size, typically from 
2.25 mm to 1 mm for measurements. It is preferred to reduce the beam size with a beam 
condenser rather than decreasing the aperture size inside the FT-IR instrument such that 
the full intensity of the beam reaches the sample. The sample is placed such that the 
strings are along the electric field of the incident radiation. The direction of the electric 




inductance loop is also changed from normal incidence 0˚ up to 60˚ by rotating the sample 
on the rotational stage [30].  
 The sample chamber is then pumped down to rough vacuum. This serves to 
remove substances like water and carbon dioxide that have a high absorbance in FIR range 
and so, affect the spectral measurements. Before taking any actual measurements on the 
sample, a background scan is first carried out on the FT-IR such that signals from the 
equipment and environment are gathered and subsequently subtracted from each measured 
spectrum to yield the actual spectrum of the sample. The beam spot size on the sample is 
1.5 mm at normal incidence with a total beam divergence of 60˚. Measurements were 
taken from 0˚ up to 81˚ in steps of 9˚ [30]. 
 The experiment consists of measuring the transmission spectra by maintaining the 
electric field along the strings while varying the component of the magnetic field, H 
through the main loop. This is achieved by varying the incidence angle, α. At 0˚, the 
magnetic field fully couples with the resonant loops and therefore the peaks are more 
prominent. Figure 4.5 below illustrates the transmission measurements obtained with a 
1SE sample (top) and the simulated peaks with a 1SE sample from MWS (bottom). The 
spectra have been shifted for clarity [30]. It is seen that both the experimental and 






Figure 4.5: Transmission spectra of a measured 1SE sample (top) with varying incidence 
angle, α varied from 0˚ up to 81˚ in steps of 9˚ and simulated spectra of a 1SE sample 




In a transmission experiment, a left-handed transmission peak within a metamaterial 
signifies that propagating waves are being restored during resonance, which is consistent 
with the working principle of metamaterials. In our experiments, the dominant 
transmission peaks are observed around 3.2 THz and 6.8 THz respectively, which agree 
very well to the predicted numerical simulations from MIT. However, there is a need to 
confirm the ―left-handedness‖ of the peak/peaks of the metamaterial through proper 
retrieval calculations. 
 From parameter and retrieval index calculations performed by MIT [47], it is 




negative material parameters, ε and µ suggesting a negative refractive index within that 
band. On the other hand, it is found that the transmission peak at 6.8 THz is right-handed 
and is attributed to an ―antenna effect‖ from one half S acting as an antenna between 
coupling capacitors or interconnecting rods as nodes [30]. The retrieval index results are 
shown in Figure 4.6 below. It can be seen that the effective ε and µ are simultaneously 
negative only around the 3.2 THz transmission peak (top picture), leading to the real part 
of the negative refractive index to be negative within this region (bottom picture). The 
shaded bands represent the left-handed and right-handed pass bands respectively. 
 
 
Figure 4.6: (Top) Retrieved material parameters, ε and µ of the 1SE-strings and retrieved 
refractive index of the 1SE sample (bottom picture) [30]. The shaded bands represent the 




Varying the incidence angle, α while keeping the direction of the electric field along the 
strings changes the magnetic field component along the axis of the resonator loop as cos α. 
Therefore, the effective magnetic field component passing through the axis of the inductor 
loop becomes effectively H cos α. Thus, the left-handed peak at 3.2 THz also varies as cos 
α. Our simulated and transmission measurements indeed show that the peak at 3.2 THz 
varies as cos α over a broad range of angles from 0° to 81° suggesting that the incidence 
angle of the beam for characterization can be chosen within a range of ±30° or more [30]. 
This shows that the novelty of having self-supporting metamaterials allows a wider range 
of incidence angles for spectroscopy.  
 On the other hand, it is observed that the right-handed peak at 6.8 THz showed a 
cos
2 α distribution as the incidence angle of the beam was changed from 0° to 81°. This 
cos
2α dependency is attributed to the relative phase shift of the electric field and the short-
circuit current flowing through the adjacent strings along the interconnecting rods [30]. 
Figure 4.7 below illustrates the simulated (sim) and measured transmission (exp) data 
plotted against the changing incidence angle, α. It is seen that the left-handed peak varies 
as cos α with the incidence angle, α whereas the right-handed peak has a cos2 α 







Figure 4.7: Plot of peak area (arbitrary units) against the incidence angle, α. It is observed 
that left-handed peak varies as cos α with the incidence angle, α while the right-handed 
peak has a cos
2 α dependency with the incidence angle, α [30]. 
 
  
To further show the promising potential of the upright S-strings as being matrix-free and 
contributing solely to the resonance peaks, some additional measurements are performed 
with the metamaterial being self-supported in air and afterwards embedded into a matrix. 
The same free-standing metamaterial in air acts as a control for comparison. Figure 4.8 
displays the transmission peaks obtained with a 1SP sample in air and the same 1SP 
sample when filled with Poly (methyl methacrylate), PMMA. It is observed that the same 
transmission peaks in air become severely damped showing that matrix embedding 
substrates indeed affect resonance peaks of metamaterials and limit their practicability. It 
is also worth noting that the left-handed peak of the 1SP sample is slightly shifted towards 
3.5 THz because the wider gap among adjacent strings in the 1SP sample contributes to a 




resonance frequency than the 1SE sample. Furthermore, even though a larger gap in the 
1SP sample is accompanied by a slight increase in inductance, the reduction in 
capacitance is more prominent than the enlarged inductance and thus, is the controlling 





Figure 4.8: Transmission measurements showing a 1SP sample measured in air and a 1SP 
sample filled with PMMA. It is clearly visible that the dielectric of matrices or substrates 











Summary, Conclusion and Future Work 
 
5.1 Summary 
To date, there exists substantial literature and experimental work in the field of 
metamaterials that highlight the promising potential of such materials as in sub-
wavelength resolution imaging, invisibility cloaking and so forth. At the time of writing, 
proof of concept of negative refractive index [48] and invisibility cloaking [6, 7] is 
approaching optical frequencies. Intensive research is still ongoing to explore new 
prospects of electromagnetic metamaterials. 
 In this work, we have reviewed some background literature of the first artificially 
manufactured structures that possessed negative permittivity, subsequently negative 
permeability and afterwards, the integration of these two independent geometries to yield 
the first artificial metamaterials. Consequently, we introduced some basic definitions of 
negative index media and showed that the Poynting vector,  and wave vector,  are anti-
parallel in a left handed medium (LHM), suggesting that wave propagation in left handed 
media is in opposite direction to the propagation of energy. In later sections, we 
pinpointed to the essence of having negative permittivity and negative permeability 
simultaneously over a common frequency band, also known as left handed band, to 




 We then introduced S-shaped resonators (as proposed by Chen et al.) as stand-
alone structures possessing a bandwidth with overlapping negative permittivity and 
negative permeability. An extended study was later performed by Moser et al. [18] to 
yield the first free-standing bi-layer S-string resonators for the terahertz regime. Those 
resonators extended along the longitudinal direction while being held by rigid window 
frame. A manual alignment of each chip under an optical microscope then completed the 
bi-layer S-strings. However, the window frame limited the range of incidence angles 
during spectroscopy and therefore, it was experimentally hard to measure the samples 
under 90˚ beam incidence. In this respect, the work in this thesis uses the rich knowledge 
of S-string resonators as investigated thoroughly by Chen et al. to propose novel, self-
supporting upright S-string resonators. The issue imposed by solid window frames 
preventing the versatility of measurements under different beam angles were overcome by 
laying transverse metal interconnects that also acted as the structural materials. At the 
same time, these transverse supports were also the conducting paths within the resonators. 
The numerical simulations by Chen et al. predicted a left handed peak around 3-4 THz. 
 Depending upon the attachment sites of the transverse interconnects, the 
periodicity of the S-geometry and spacing between adjacent S-strings, different types of 
structures, such as 1SE, 1SP and so forth were fabricated using aligned UV lithography, 
followed by electroplating and subsequent lift-off technique. Lastly, experimental 
characterization under the FT-IR revealed two resonant peaks at 3.2 THz and 6.8 THz. 
From parameter retrieval techniques performed by our collaborators (Chen and co-
workers), it was shown that only the peak at 3.2 THz was left-handed. Additionally, 
spectroscopic measurements were performed to prove that embedded metamaterials 









In this thesis, novel self-supporting upright S-shaped resonators are presented for terahertz 
frequencies. The transverse interconnecting rods act as both the structural materials and 
the current conducting paths inside the resonators. The S-shaped resonators are fabricated 
using aligned UV lithography and therefore can be extended to other batch fabrication 
processes to produce the resonators in a more cost effective way. Furthermore, it is shown 
that those self-supporting metamaterials can be measured under a wider range of incidence 
angles, typically from 0° at normal incidence up to 90°. It is also proved that the free-
standing resonators exhibit an undamped response as compared to when being embedded 
in a polymer matrix like PMMA. Lastly, the fabricated metamaterials are stiff but flexible 




5.3 Future work 
The novelty of the presented work opens up vast possibilities of fabricating self-
supporting metamaterials for more practical purposes and provides room for improvement 




(a) Since the fabricated metamaterials exhibit a foil-like characteristic and can be bent 
at various angles, a more detailed fracture analysis by a finite element analysis 
software like Ansys will be desirable to calculate the maximum bending angle 
allowed for these structures. The ability of these metamaterials to be flexible, leads 
to novel optical applications like filters, polarizers and other optical elements 
shaped from these metamaterials. Also, objects could be wrapped with those sheets 
of metamaterials to provide shielding from electromagnetic radiation [30]. 
(b) While the structures presented in this thesis are micro-manufactured for the 
terahertz regime, nanofabrication by laser writer or ebeam writing will potentially 
lead to higher resonance frequencies closer to the near IR.  
(c) Furthermore, the proposed fabrication method in this thesis suggests further 
potential for batch processing. For instance, plastic molding could be a cheap yet 
reliable means of producing moulds for these metamaterials. 
(d) Additionally, the fabrication method presented herein is based on UV lithography 
which yields a sloped sidewall. Advancing towards X-ray lithography produces 
vertical sidewalls with very good surface roughness (less than 10 nm). With a well 
fabricated graphite X-ray mask and using PMMA or SU8 as the working material, 
high quality structures can be easily batch fabricated. 
(e) Lastly, the fact that these metamaterials show a damped response when filled with 
a dielectric material could be used in a sensing device. Such application would 
provide a cheaper sensor as compared to using other methods like sensing by 
localized surface plasmon resonance (LSPR). While detection by LSPR requires 
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